Objective-von Willebrand Factor (vWF) structure-function relationship has been studied only in vitro. To investigate the physiological importance of particular vWF domains, we have introduced mutations into murine vWF (mvWF) cDNA inhibiting vWF binding to glycoprotein (Gp) Ib, GpIIbIIIa, and to fibrillar collagen. Methods and Results-We delivered wild-type (WT) or mutant mvWF cDNA into vWF-deficient (Vwf Ϫ/Ϫ ) mice using hydrodynamic injection and assessed whether hemorrhagic symptoms could be corrected. Hydrodynamic gene transfer resulted in high expression of plasma mvWF 24 hours after injection (438Ϯ63% for 50 g of cDNA). Factor VIII activity was normalized in Vwf Ϫ/Ϫ mice injected with mvWF cDNA and multimerization was achieved. Bleeding time was corrected after injection of WT mvWF cDNA in Vwf Ϫ/Ϫ mice whereas noninjected mice did not stop bleeding. Injection of the GpIIbIIIa and the collagen binding mutants in Vwf Ϫ/Ϫ mice also resulted in a correction of bleeding time whereas mice injected with the GpIb binding mutant were bleeding for as long they were observed, although blood loss was decreased compared with noninjected mice (61Ϯ21 L versus 232Ϯ63 L). Conclusion-Our model allows the rapid in vivo evaluation of specific mutations on plasma vWF function. (Arterioscler Thromb Vasc Biol. 2008;28:419-424)
v on Willebrand Factor (vWF) is a multimeric plasma glycoprotein (Gp) playing an essential role in adhesion and aggregation of platelets at sites of vascular damage. At high shear stress, vWF acts as a molecular bridge between components of the subendothelium such as collagen and platelet receptors GpIb and GpIIbIIIa. 1 Furthermore, vWF acts as a carrier protein for coagulation factor VIII (FVIII) and protects it from premature clearance. vWF is produced and stored in endothelial cells and megakaryocytes and is released into the plasma as a series of multimers with a molecular weight ranging from 500 to 20 000 kDa, the largest multimers being the most biologically active. The mature subunit of vWF contains 2050 amino acid (aa) residues organized in 5 types of repeated domains arranged in the order DЈ-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. 2 A number of functional domains have been identified on vWF sequence, mostly through in vitro approaches. The A3 domain is important for vWF binding to collagen 3 whereas the A1 domain contains the binding site of vWF to platelet GpIb. 4 The binding site of vWF for its other platelet receptor, GpIIbIIIa, has been located near the carboxyl-terminal end of the C1 domain encompassing the RGD sequence. 5, 6 Further insight in the structure-function relationship of vWF was gained from the analysis of patients suffering from von Willebrand disease (VWD), the heterogeneous bleeding disorder resulting from defects in vWF gene. VWD can be classified in quantitative deficiencies (types 1 and 3) or qualitative abnormalities (type 2). 7, 8 Point mutations represent the molecular basis underlying VWD type 2. 9 These molecular variants have proven useful in establishing the link between a specific functional domain and its physiological relevance. However, this approach is limited by the identification of patients. So far, no patient has been identified with an abnormal binding of vWF to GpIIbIIIa and only one patient with defective collagen binding has been reported, with slightly prolonged bleeding time. 10 The question then arises whether such mutations exist or whether they lead to bleeding symptoms.
To bypass this limitation, we have developed a model to test the physiological importance of specific vWF mutations in vivo. This model is derived from the vWF-deficient mice which represent a model of VWD type 3. 11 Various point mutations were introduced into murine vWF (mvWF) cDNA and injected into Vwf Ϫ/Ϫ mice by hydrodynamic tail vein injection. 12, 13 Transient high expression of wild-type (WT) or mutated vWF protein in the plasma allowed us to assess the efficacy of these different variants to correct the hemorrhagic symptoms of Vwf Ϫ/Ϫ mice.
Methods
Please see http://atvb.ahajournals.org for details.
Mice
Five-to 8-week-old vWF-deficient (Vwf Ϫ/Ϫ ) 11 and WT mice on a C57BL/6 background, bred in the IN SERM u770 animal facility, were used throughout this study. Housing and experiments were done as recommended by French regulations and the experimental guidelines of the European Community.
Hydrodynamic Injection of Plasmid DNA
Different amounts of plasmid DNA diluted in a volume of saline (0.9% NaCl) equivalent to 10% of the bodyweight were injected into the mouse tail vein within 5 seconds. [12] [13] [14] No liposomes were used to facilitate the transfer of the cDNA.
Blood Collection and Determination of mvWF Levels by ELISA
Mice were anesthetized by intraperitoneal injection of tribromoethanol (0.15 mL per 10 g of bodyweight) and blood was collected by eye bleed in trisodium citrate (9 volumes of blood to 1 volume of 0.138 mol/L trisodium citrate). To obtain platelet poor plasma, blood samples were centrifuged at 1000g for 20 minutes at 22°C.
Plasma vWF concentration was measured by ELISA 15 using a polyclonal antibody anti-human vWF (Dako) and a horseradish peroxydase conjugated polyclonal antibody anti-human vWF (Dako). Normal pooled plasma from 15 C57Bl/6 WT mice was used as a reference and set at 100%. Results are expressed as percentage of normal mvWF level.
vWF Structure Analysis
The multimeric structure of vWF was analyzed by 0.1% sodium dodecyl sulfate (SDS) and 1% agarose (GE Healthcare) gel electrophoresis. 16 Multimers were visualized using an alkaline phosphataseconjugated anti-human vWF polyclonal antibody.
Bleeding Time
Mouse tail-bleeding time was performed as described. 11 Briefly, nonanesthetized mice were placed in a restraining device and 3 mm of the distal tail were cut using a scalpel. The amputated tail was immersed immediately in physiological saline at 37°C and bleeding time was measured from the moment of transection until first arrest of bleeding. Observation was stopped at 600 seconds when bleeding did not cease.
Quantitative Measurement of Blood Loss
Blood loss after mouse tail transection was measured according to Turecek et al 17 with slight modifications. Mice were anesthetized by intraperitoneal injection of tribromoethanol and the tail was cut with a scalpel, using a template resulting in sections of fixed diameter (1.5 mm). The blood escaping from the wound was absorbed on a filter paper every 30 seconds for 10 minutes while being careful not to dislodge the forming clot. Extraction and lysis of erythrocytes from the filter paper were performed with 20 mL of 0.04% NH 4 OH solution for 2 hours at 22°C and the amount of hemoglobin was obtained by reading the absorbance at 416 nm. The volume of blood in each sample was calculated from a standard curve, which was obtained by dropping defined volumes of WT mouse blood to a filter paper and extracting hemoglobin as described above.
Determination of FVIII, FIX and FX Activities
FVIII, FIX, and FX activities were determined by a clotting assay. Plasma, obtained from mvWF cDNA-injected Vwf Ϫ/Ϫ mice, was mixed at different dilutions with Owren buffer (Diagnostica Stago). Normal pooled mouse plasma was used as a standard and set at 100%. 50 L of diluted mouse plasma were incubated with 50 L of human FVIII, FIX, or FX-deficient plasma (Diagnostica Stago) and 50 L of activated partial thromboplastin time (aPTT) reagent (Diagnostica Stago) at 37°C for 4 minutes. Coagulation was initiated by the addition of 50 L of pre-warmed calcium chloride (25 mmol/L). Results are reported as percentage of normal murine FVIII, FIX, or FX activity.
Statistical Analysis
Data are expressed as mean valuesϮSEM. Statistical analyses were performed by the Student unpaired t test or by 1-way analysis of variance (ANOVA). A probability value below 0.05 was considered significant. For ANOVA, in case of PϽ0.05, pair-wise comparisons against the control group were made. Corrections for multiple comparisons were made according to Dunnet. Bleeding times that exceeded 600 seconds were handled as 600 seconds.
Results

Gene Expression of mvWF and Normalization of FVIII Activity After Hydrodynamic Gene Transfer in Vwf ؊/؊ Mice
To evaluate the dose dependency of mvWF expression after hydrodynamic injection-based gene delivery, male and female Vwf Ϫ/Ϫ mice were injected with 1, 2, 5, 10, 50, or 100 g of pcDNA6-mvWF and blood was collected 24 hours after injection. As shown in Figure 1A , hydrodynamic gene transfer resulted in high expression of plasma mvWF antigen and interestingly, gene expression of mvWF was twice as potent in males than in females. In both sexes, gene expression was dependent on the amount of plasmid DNA injected and reached a plateau at 50 g of pcDNA6-mvWF with mvWF mean expressions of 438Ϯ63% in males and 199Ϯ30% in females. We used only male mice for all subsequent experiments. In Vwf Ϫ/Ϫ mice, FVIII level is strongly reduced as a result of the lack of protection provided by vWF. To demonstrate an eventual normalization of FVIII activity, Vwf Ϫ/Ϫ mice were injected with various concentrations of mvWF cDNA and plasma was collected 24 hours later. In noninjected Vwf Ϫ/Ϫ mice, FVIII activity was less than 15% of WT mice ( Figure 1B) . In contrast, Vwf Ϫ/Ϫ mice injected with doses of 2 g or higher of mvWF cDNA presented a normalization of FVIII activity with an activity close to 100% ( Figure 1B ).
We next assessed the time course of mvWF expression and FVIII activity after injection of 50 g of mvWF cDNA in Vwf Ϫ/Ϫ mice. The peak plasma vWF level was reached 24 hours after injection and then decreased gradually to nearly undetectable levels within 96 hours (supplemental Figure I , available online at http://atvb.ahajournals.org). At 96 hours, FVIII activity was still 5 times higher than in noninjected mice. We have also investigated whether activity levels of 2 other coagulation factors, factor IX and factor X, were affected by hydrodynamic injection. Mean activity levels of 90.5Ϯ6.0% for factor IX and 134.3Ϯ13.6% for factor X were measured in Vwf Ϫ/Ϫ mice after injection of mvWF cDNA, therefore resulting in minimal modification in the normal activity of these coagulation factors.
Altogether, these results confirm that hydrodynamic gene transfer is an efficient technique to express mvWF in mice.
Multimeric Analysis of Plasma mvWF
To analyze the multimeric pattern of mvWF after hydrodynamic gene delivery, we injected 50 g of mvWF cDNA in Vwf Ϫ/Ϫ mice and plasma was collected 24 hours later. 1% SDS agarose gel electrophoresis revealed the presence of multimerized mvWF (Figure 2 ). The balance between high and low molecular weight multimers was slightly different compared with normal murine plasma. Injected Vwf Ϫ/Ϫ mice presented a moderate decrease in high molecular weight multimers.
Effect of mvWF on Bleeding Time in Vwf ؊/؊ Mice After Hydrodynamic Gene Transfer
To assess whether hydrodynamic gene transfer of mvWF cDNA could correct the bleeding time, we injected various amounts of mvWF cDNA in Vwf Ϫ/Ϫ mice. Bleeding time was determined by transection of the tail 24 or 48 hours after injection. As shown in Figure 3 , WT mice stopped bleeding in less than 100 s whereas noninjected Vwf Ϫ/Ϫ were bleeding during the complete observation period (600 s). To check whether hydrodynamic injection per se could affect bleeding time, we injected 50 g of pcDNA6 vector at high pressure in WT mice and measured bleeding time 24 hours after injection. Surprisingly, we observed a tendency toward an increase in bleeding time in injected mice compared with noninjected mice (131Ϯ44 s versus 75Ϯ10, Pϭ0.057; Figure 3 ). Regarding Vwf Ϫ/Ϫ mice, administration of 2 g or 10 g of mvWF cDNA had no significant effect on bleeding time. In contrast, the 2 highest doses, 50 g and 100 g of mvWF cDNA per mouse, significantly corrected bleeding time 24 hours after injection (PϽ0.001) and resulted in mean bleeding times of 169Ϯ69 s and 203Ϯ42 s, respectively. At these 2 doses the difference between WT-injected mice and Vwf Ϫ/Ϫ injected mice was no longer significant (Pϭ0.72 for 50 g and Pϭ0.26 for 100 g). At 48 hours, results were more heterogeneous with some mice managing to control their bleeding whereas others did not.
Expression and Characterization of mvWF Mutants
Vwf Ϫ/Ϫ mice injected with 50 g of mutated mvWF cDNA presented mvWF antigen expression levels similar to those observed after injection of WT mvWF cDNA (supplemental Table I ). Furthermore, the multimeric pattern of mutated mvWF was comparable to the pattern seen in Vwf Ϫ/Ϫ mice injected with WT mvWF cDNA (Figure 2 ). To ascertain that the GpIb (K1362A) and collagen (D1742A, S1783A, H1786A) binding mutations introduced in the mvWF cDNA efficiently abolished the binding of mvWF to platelet GpIb and collagen, respectively, we evaluated their binding to these ligands in vitro. Both mutants showed a complete absence of binding to their respective ligands whereas WT mvWF presented a dose-dependent binding to human collagen and was able to induce murine platelet aggregation in the presence of ristocetin (supplemental Figure II) .
Effect of Mutated mvWF on Bleeding Time in Vwf ؊/؊ Mice After Hydrodynamic Gene Transfer
To examine whether RGG mutant or GpIb and collagen binding mutants could correct the bleeding time in Vwf Ϫ/Ϫ mice, we injected 50 g of mutated mvWF in Vwf Ϫ/Ϫ mice. Injection of collagen binding mutant and RGG mutant in Vwf Ϫ/Ϫ mice resulted in a correction of bleeding time, with values of 189Ϯ60 s and 139Ϯ56 s, respectively, similar to the correction obtained with injection of WT mvWF cDNA ( Figure 4 ). In contrast, mice injected with the GpIb binding mutant were bleeding for as long as they were observed (Ͼ600 s) except one mouse, which stopped bleeding at 312 s after tail transection.
Although mice injected with the GpIb binding mutant kept on bleeding, they seemed to loose less blood than noninjected mice. We therefore measured the volume of blood lost over a period of 10 minutes. As shown in Figure 5 , nontreated Vwf Ϫ/Ϫ mice lost on average 232Ϯ30 L of blood and were bleeding for as long as they were observed whereas WT mice lost 13Ϯ3 L of blood and were bleeding between 2 and 4.5 minutes in this setting. Vwf Ϫ/Ϫ mice injected with 50 g of mvWF cDNA significantly reduced their blood loss to 19Ϯ5 L and were no different from WT mice in terms of bleeding time. Interestingly, although Vwf Ϫ/Ϫ mice injected with mvWF GpIb mutant did not stop bleeding, they bled significantly less (60Ϯ11 L) than noninjected Vwf Ϫ/Ϫ mice. Mice injected with the vector alone or with 2 g of mvWF cDNA lost as much blood as noninjected mice.
Discussion
vWF is a very large protein and a number of functional domains involved in the binding to different ligands have been localized on its sequence, such as binding sites for platelet GpIb and GpIIbIIIa, FVIII, and collagen. 1,2 vWF binding to GpIb is of critical importance for vWF function as evidenced by the identification of numerous VWD patients carrying mutations in the GpIb binding domain of vWF. 8 Similarly, VWD patients carrying mutations in the FVIII binding domain of vWF express a bleeding phenotype close to hemophilia A, with decreased FVIII levels. 18 However, the clinical relevance, in terms of hemorrhagic symptoms, of most other vWF interactions with various ligands has not been verified because of the combined lack of VWD patients with corresponding mutations and of adequate animal models. In this report using the hydrodynamic injection technique, we describe a murine model allowing the transient expression of different mutant vWF in the plasma and their capacity to correct bleeding symptoms of vWF-deficient mice.
We first validated our technique with WT vWF. Because of the absence of binding of murine GpIb to human vWF, we have cloned mvWF cDNA and ligated it into pcDNA6-V5-His expression vector. On injection of this construct in vWF-deficient mice, we observed a rapid and strong expression of vWF antigen in plasma. The antigen peak was observed 24 hours after injection, followed by a rapid decline of expression, consistent with previous reports using plasmids with the CMV promoter. 19 Injection of 50 g of mvWF cDNA resulted in plasma vWF antigen levels as high as 200% to 440% depending on the sex of the mice. These levels are much higher than those reported in the study by Pergolizzi et al where the same dose of mvWF cDNA only led to vWF expression levels of 40%. 20 This variation is likely attributable to the different cDNA used in both studies. These authors have used a cDNA leading to expression of a murine vWF with an Arg instead of a Cys in position 799, a protein associated with intracellular retention and impaired multimerization. 21 The 2-fold higher expression in males compared with females is interesting. Using human factor IX as a reporter gene, Feng et al have also reported a similar difference between sexes. 22 A potential hypothesis could relate to anatomic or liver damage differences between males and females.
Further analysis of the vWF-deficient mice injected with WT mvWF cDNA revealed a normalization of FVIII levels and the presence of fully multimerized vWF although there was a moderate decrease in the highest molecular weight forms. After hydrodynamic gene transfer, the gene of interest is being expressed by liver hepatocytes (Figure 6 ). 12, 13 Because vWF is normally produced by endothelial cells and megakaryocytes, the slight change in multimeric profile is likely attributable to this switch in expression site. A previous report stating that administration of vWF cDNA in vWFdeficient mice results in a multimer pattern similar to that seen in WT mice shows only the presence of 5 multimer bands in the treated mice (as opposed to 15 in the present study), making it difficult to evaluate the quality of multimerization. 20 The functionality of our model was demonstrated by the correction of bleeding time observed in vWF-deficient mice 24 hours after injection of 50 g of WT mvWF cDNA. Despite high vWF antigen levels, the bleeding time in these mice remained slightly prolonged compared with WT mice. Similarly, injection of 10 g of mvWF cDNA did not allow consistent rescue of the bleeding phenotype despite leading to expression levels around 200%. Several reasons can account for these observations: (1) hydrodynamic injection itself leads to longer bleeding time even in WT mice; (2) the very high molecular weight multimers are slightly decreased; (3) vWF is present only in the plasma. The absence of vWF in platelets, endothelial cells, and subendothelium may prevent an optimal rescue of the bleeding phenotype. However, plasma vWF appears to be sufficient to promote hemostasis in a mouse model. Transfusion of vWF into a pig with VWD also results in the correction of bleeding time showing that efficient hemostasis can be achieved in the absence of endogenous endothelial vWF if plasma vWF is present. 23 The exclusive plasma expression of vWF in our model mimics the clinical situation where VWD patients are treated with vWF concentrates that replenish only the plasma compartment. Our model thus allows the direct comparison of hemostatic capacities of WT versus mutant plasma vWF by testing the ability of various mutants to correct bleeding time in vWF-deficient mice.
For the collagen binding mutant, we mutated residues in the A3 domain identified as being critical for binding to collagen types I and III. 3 These 3 residues are conserved in the murine vWF sequence. Despite the absence of binding to collagen in vitro, this mutant proved able to correct bleeding time in vWF-deficient mice as efficiently as WT-vWF. Although this result suggests that vWF binding to collagens types I and III is not critical for efficient hemostasis, it does not exclude collagens as being relevant physiological ligands for vWF in the subendothelium. Indeed, vWF also binds collagen type VI through its A1 domain 24, 25 and it has been recently demonstrated that vWF-A1 domain can substitute for the A3 domain in supporting binding to collagens type I and III. 26 These A1-mediated interactions as well as potential vWF interactions with other subendothelial constituents appear sufficient to support the formation of the hemostatic plug.
Mutation of the vWF RGD sequence into RGG was previously shown to abolish vWF binding to platelet GpI-IbIIIa. 6 This sequence is also conserved in murine vWF. We report here that this interaction is not strictly required to maintain a normal bleeding time in mice. This could explain why VWD patients with mutations in the RGD sequence have never been identified. Binding of GpIIbIIIa to its other ligands such as fibrinogen and fibronectin can thus compensate for the lack of vWF-GpIIbIIIa binding in our model.
The third mutant we tested in this study is the GpIb binding mutant K1362A. As previously described 4 the human mutant does not bind human GpIb and we also checked that the murine mutant does not bind mouse GpIb. When expressed in the plasma, this mutant did not correct bleeding time in vWF-deficient mice, confirming the critical importance of the vWF-GpIb interaction for efficient primary hemostasis in vivo. However, vWF-deficient mice expressing this mutant seemed to lose less blood than their noninjected counterparts. Quantification of blood loss during a 10-minute period confirmed this observation. This rather surprising result can be examined in light of recent findings showing that GpIb deficiency is more severe than vWF deficiency in a murine model of arterial thrombosis, leading to the conclusion that GpIb is probably able to bind to a ligand different than vWF. 27 In summary, we have described a model allowing the examination of the in vivo function of plasma vWF mutants and derivatives. Provided that mouse-human differences are taken into account, this method allows a rapid evaluation of the causative effect of various mutations found in VWD patient while avoiding the lengthy and expensive process of producing and purifying the recombinant mutant protein. The transient expression of the vWF transgene has so far limited our phenotypic analysis to bleeding time measurements but hydrodynamic injection using expression vectors with a liver-specific promoter has been described as leading to sustained expression of the transgene. 19 Using such vectors Figure 6 . Immunolocalization of vWF in platelets and tissue sections. Blood smears or liver sections were prepared from WT or vWF-deficient (Vwf Ϫ/Ϫ ) injected or not with 50 g mvWF cDNA. Immunofluorescence staining with a polyclonal antibody to vWF was then performed.
will allow more in depth analysis of various vWF mutants in vivo.
